A general expression has been derived using anisotropic elasticity theory for the lattice strain which corresponds to the x-ray diffraction measurement on the polycrystalline specimen (cubic system) compressed nonhydrostatically in an opposed anvil device . The expressions for the various diffraction geometries emerge as the special cases of this equation . The strain calculated using isotropic elasticity theory corresponds to the macroscopic strain in the specimen, and cart be obtained from the present equation by letting the anisotropy factor 2(S 1 1-S 12 )/S44 =1 . Further, it is shown that the ratio of the lattice strain to the macroscopic strain (in the direction of the lattice strain) produced by the deviatoric stress component depends on the Miller indices (hkl) of the lattice planes and the elastic anisotropy factor . This ratio is unity only if the crystallites constituting the specimen are elastically isotropic, and increases with increasing anisotropy of the crystallites .
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I . INTRODUCTION
The stress state in a solid specimen compressed between two flat and parallel anvil faces is nonhydrostatic . ] The resulting lattice strains 6 measured by x-ray diffraction exhibit certain features which are absent if a truly hydrostatic condition prevails . In the past, two distinct approaches were used to theoretically analyze the situation . In the first approach 7-9 anisotropic elasticity theory (AET) was used to derive the expression for the lattice strain in a cubic system, produced by nonhydrostatic stress . The analysis predicts that the measured lattice strain should depend on the Miller indices (hkl) of the set of planes used . This prediction was subsequently verified in a number of independent investigations . 7, 1116 In the second approach, isotropic elasticity theory (IET) was used to calculate the strain produced by nonhydrostatic pressure . 17-14 The two approaches have remained apparently distinct in the literature, with no attempts made for an intercomparison. The earlier treatment of the subject had the drawback that each diffraction geometry was treated separately . In this article, a general expression has been derived using AET for the lattice strain produced by nonhydrostatic pressure . The expressions for the different diffraction geometries used in the high pressure work emerge as the special cases of this equation . The equations derived in the past using IET can be obtained from the present equation by letting the elastic anisotropy factor 2(S11 -S12)/S44 = 1 . The strain for a given geometry calculated using AET has been compared with the strain calculated using IET by deriving an expression wherein the elastic compliances appear only as the elastic anisotropy factor . In the rest of the article, terms "isotropy" and "anisotropy" will be used to mean, respectively, elastic isotropy and elastic anisotropy .
. BACKGROUND INFORMATION

A. The diffraction geometries
As the expression for the lattice strain produced by the nonhydrostatic pressure depends on the diffraction geometry of the experiment, we consider in this section the var . ious geometries used in practice . The geometry shown in Fig. 1(a) (termed parallel geometry, PL-G) corresponds to the diamond anvil cell geometry 2 wherein the load di . rection coincides with direction of the incident x-ray beam The specimen is a polycrystalline aggregate . It is important to note that all the crystallites in the specimen do not contribute to the diffracted intensity at a given point (the point of observation) on the diffraction ring, but only those whose diffracting-plane normals make an angle (ir/2)-8 with the incident x-ray beam [ Fig. 1(b) ], and lie in the plane containing the incident x-ray beam and the point of observation .
In another geometry [termed perpendicular geometry, PD-G; Fig. 2(a) ] the incident x-ray beam is perpendicular to the load direction, and passes through the gap between the anvils . 25-27 This geometry is normally used when the anvil material (e .g ., tungsten carbide) is opaque to x rays The points of observation on the diffraction ring are A and B, the plane SAB being perpendicular to the load direr, tion . This geometry, although not commonly used MY, will be considered for the sake of the completeness of the discussion . Kinsland and Bassett 19,20 used the PD-G with diamond anvils such that the entire diffraction ring, ACBD, could be recorded on a flat film . As discussed later, the lattice strains corresponding to the diffraction ring 6 ameters AB and CD, which are, respectively, perpendica lar and parallel to the load direction, are of special interest The crystallites contributing to the intensities at points A and B are those whose diffracting-plane normals are pet pendicular to the load axis and make angles t [ ( 1r/ 2) -with the incident x-ray beam [ Fig . 2(b) ] . The intensities at The Kinsland-Bassett geometry is of interest as it permits recording in a single exposure of the diffraction data over a large range of aG values . The method, however, has a drawback in that the incident x-ray beam passes through a region of large pressure differential in the direction of the beam, rendering the data difficult to interpret . This drawback, however, can be overcome by using a beryllium gasket to confine the specimen in a small region around the center of the anvil face. layers in contact with the anvils remain stationary, and the flow occurs mainly through the shearing of the specimen material .28 The driving force for the flow arises from the stress gradient and is opposed by the shear strength of the specimen material . As the specimen thickness decreases during the flow, the driving force for the flow also decreases . Soon, equilibrium is reached and the stress field in the specimen during the subsequent x-ray measurements is elastic and independent of time . This stress system will be referred to an orthogonal right-handed co-ordinate system xi (i=1,2,3) such that the axes x l and x2 are parallel to the anvil face, and the axis x 3 is along the load direction . Let r denote the radial direction in a plane parallel to the anvil face . The origin of the co-ordinate system is chosen at r=0 and half way between the two anvil faces . Following the convention used in elasticity theory of single crystals, 29 the stress state at the center of the specimen is given by al 0 0 a; j = 0 al 0 0 0 a3
The difference, (a3 -al )-t, was termed uniaxial stress component (USC) in earlier studies .7'8 The maximum shear or von Mises yield criterion leads to the following relation 17,18
where Ty is the shear strength of the specimen material and ay the yield strength . The equivalent hydrostatic pressure (mean normal stress) for such a stress system is given by
In the subsequent discussions the compressive stress and the resulting strain are taken to be negative . Thus, all the compressive stresses have to be taken with a negative sign in all the forthcoming equations .
The flow stress of a material normally depends on the experimental parameters such as the plastic strain rate and strain . The plastic strain rate experienced by the specimen compressed between the anvils is very small as compared with the strain rates encountered during shock compression . Further, the strain rate sensitivity exponent at room temperature is sma11 30 for most materials . Because of these reasons, the strain rate dependence of flow stress is small . Since the time dependence of strain vanishes soon after the application of the load, even the small flow stress component which may arise from the strain rate relaxes, and t settles at a value slightly below ay. The measurements on magnesium oxide 31 show that the yield stress decreases with increasing plastic strain . This trend may be exhibited 
In the further derivations, we assume a completely random orientation of the crystallites in the specimen such that (cos q7) = (sin 4p) =0, and (cos 2 p) = (sin2 99 )
These averages get modified (see Appendix) if the specimen exhibits preferred orientation (texture) . The components aj given below can be obtained by carrying out the transformation (7) :
Let us first assume that al and a 3 are not too large so that the linear elasticity theory can be used to calculate the strain components produced by the stress system a;j . The strain and stress tensors are related by IJ S'1k1aKh Em = SmnQn , E33 -E,~I,h, 1 (h 2k 2 +k212 +12 h2 )/(h2 +k2 +12 ) 2 , (13) where S; j kl represents elastic compliance tensor . In the two-suffix (matrix) notation, Eq . (13) can be rewritten as (14) where m and n take values from 1 to 6 . The c m components can be evaluated by substituting for a ;; from relation (11) in Eq . (14), and then the c" terms can be obtained by noting the following relations : Ell = E1, E22 = E2, E33 =E3, E23 = E4/ 2, E13=E5/2, and E12 = E6/ 2.
The strain E3 3 can be calculated using the relation (15) where 1; represents the cosines the angles x3 makes with x," . On carrying out the steps outlined above we get
where Ep= (S,1 +2S12)ap,
t Ed=-3 (1-3 cos 2 1G)(Sll-S 12 -3SF), (12) and following the steps outlined in Eqs . (13), (14), and (15) . This strain is added ons :
(1 13= -h1(a3 -a 1 )(1-3 cos2 0)/2M2, s of o23=-kl(a3 -al)(1-3 cos2 i0)/2M2 . The d;j terms similarly are as follows :
to cp produced by up to get the total strain . the quantities t and S ;, appearing in the expression for ER (hkl) are at pressure ap.
B . Iso-strain model (Voigt limit) The strain E33 under iso-strain (Voigt) model can be calculated by deriving the expression for an elastically isotropic case and substituting for the elastic constants the Voigt average values . The expression for the isotropic case can be obtained by letting S=0 in Eq . (16) 2 1 )
The suffix V for the moduli denotes the Voigt average (2Gv)-1=(1+vv)/Ev= (5) (S11-S12)S44
(18) 2 3(S11 -S12)+S44 .
Since the linear compressibility in both iso-stress and iso-strain models is given by (S 11 +2S12 ), the expression for Ep remains unchanged, and is given by Eq. (16b) . In the numerical estimation of ER (hkl) and E v, up and t are to be used with a negative sign .
C . Measured lattice strains
The lattice strain can be determined from the measured lattice spacing under pressure, using the relation
where a denotes the lattice parameter . The suffix (p+d) refers to the nonhydrostatic stress system (ap +d1 ) . If the actual condition lies between those described by iso-stress and iso-strain models, then the measured strain corresponds to the following : E(hkl)=Ep +aEd(hkl)+(1-a)Ed, (20) where a is a fraction and Ed (hkl) and Ed are given by Eqs . 
The 
The relation given by Eq . (23) is further discussed in the next section . On combining Eqs . (16c), (17b), and (21)_ (24) we get
where x=2(S,1 -S12)/S44, 
The symbol () denotes the type of average (simple or weighted) used to calculate the average strain from t>o measured d spacings . The second term is independent of (hkl) .
IV. DISCUSSION
A. General
Macroscopic and lattice strains
A bulk polycrystalline material consisting of randornf oriented anisotropic crystallites is isotropic . The macro scopic strain in the specimen of such a material, produce by a given stress, can be calculated using IET and tt elastic constants of the polycrystalline material . The ma' roscopic strain corresponds to the commonly measurf strain using a strain gauge or any other macroscopic tec (22) (23) pique . In terms of the elastic constants of the single crystal, the m acroscopic strain can be calculated in two ways . In the first procedure, the elastic constants of the polycrystalline material can be calculated by averaging over the orientations of al the crystallites, the single crystal elastic constants unde ' a realistic behavior of the stress and strain across the grain boundaries . The polycrystal elastic constants calculated under the Reuss 35 and Voigt36 limits reped as resent the lower and upper bounds respectively, and empirically the average of the two is found to be close to the measured value 40 (More refined methods 41-43 narrow the difference between the lower and upper bounds, but the average of the two does not differ appreciably from the average of the Reuss and Voigt values) . The macroscopic strain can be calculated using these constants and IET . In the second procedure, the strain can be calculated separately using the two bounds of the elastic constants, and the average of the two strains can be taken to represent the macroscopic strain. It is to be noted that in both procedures the calculation of the macroscopic strain in terms of the single crystal elastic constants requires averaging over the orientations of all the crystallites . The equivalence of the two procedures depends on the anisotropic factor, x . For an isotropic case (x=1) the two procedures are equivalent, and begin to diverge as anisotropy increases, i.e., x deviates from unity . For the range of x values exhibited by the majority of the real materials, the two procedures give strains differing by only a few percent . Equation (20) , which gives the lattice strain as the weighted average of the lattice strains calculated under the Reuss and Voigt limits, is obtained following the second procedure. The term, Ed, is common to both the calculations of the lattice and macroscopic strains. However, calculations under the Reuss limit differ . The calculation of Ed requires an averaging over all possible orientations of the cp groups of crystallites only, whereas the calculation of the macroscopic strain requires an averaging over the orientaections tions of all the crystallites . For this reason the lattice n aver. strain, in general, differs from the macroscopic strain in actions any given direction ; this distinction, however, vanishes . if the crystallites are isotropic . ropic bulk idom . ticity
.s and id Gl (24) in the (21) material under Reuss and Voigt limits are the same, a does not appear in the expression for e p. Even if the compressibilities of the specimen material are different under the two limits as is the case with the polycrystals containing crystallites of lower symmetry, Ep is given by the calculation under the Reuss limit alone . This is supported by a large number of studies on the volume compression of twophase mixtures (the specimen and the pressure marker), which indicate that the pressures (and not the volume strains) in the two phases are equal .
B. Estimates of R and (R)
The ratio R as given by Eq . (25) provides a quantitative comparison of the lattice strain (AET) with the macroscopic stain (IET) in the same direction . The j!R ( I',x ) vs x plots in the range 0<x<10 are shown in Fig . 4 for r=0, lit, -4 ', and 3. These I' values pertain to the first five reflections from the face-centered as well as the bodycentered cubic structure . The r value is zero for 200, l for 21 311, 1-4 for 110, 220, and 211, and 3 for 111 and 222 . The function fR ( F,x) approaches infinity as x approaches zero for all F values, except for zero, for which it is 0.2 at x =0. For all values of F, the function is unity at x=1 . With a further increase in x, the function increases and approaches infinity as x approaches infinity for all values of I', except for ; for which it decreases reaching a value of 0 .3 at x = oo . The function f1'(x) increases from 0 .5 at x=0 to 1 at x = 1, and then decreases slowly reaching 0 .5 at x = oo .
The R (with a=0 .5) vs x plots are shown in Fig . 5 . Qualitatively, the plots are similar to those in Fig . 4 . The R values are close to unity in the vicinity of x = 1, and diverge as x either increases or decreases . For a given value of x(> 1), the R value decreases with increasing F, while the trend is reversed in the region x < 1 . It may be noted that if a= 1 is assumed then R = fR ( F,x) . The atmospheric The (R) vs x plots for the first three, four, and five reflections from the fcc and bcc structures are shown in Fig. 6 . The value of (R) for the first five reflections from gold is 1, even though the R values for F=0 and ; show a large difference. The numerical estimates of R and (R) for gold based on the atmospheric pressure x value are valid for the low pressure x-ray diffraction data . The variation of x with pressure should be considered while estimating R and (R) in the high pressure region .
C. Various diffraction geometries 1. Perpendicular geometry (PD-G)
The expression for E(hkl) for PD-G can be obtained by letting it/2 in Eq . (20) . This gives e(hkl)=(S 11 +2S12 )ap +(1-a)€, -a(t/3) (S11-S 12 -3SF) =(S11+2S12)a1+(l-a)Ed-at(S12+Sr) .
Equation (27) is the same as Eq. (12) The analysis" of the diffraction data assuming a=1 on sodium chloride compressed to various pressures up to 10 GPa gave t= (0.24+0.01 lp) GPa. This suggests that at 9 GPa, t=0.35 GPa . The measurement of the pressure gradient31 in sodium chloride compressed in a diamond anvil cell gave t=0.54 GPa at 9 GPa . This value of t can be obtained from the diffraction data" if a=0.65 is assumed While making such a comparison, it is to be noted that the value of t may depend on the extent of deformation the specimen undergoes during pressurization . (3o)1
Equation (30) agrees with the expression derived en' hers for PL-G . The al and t being compressive have to be taken with negative signs. In PL-G, E(hkl) depends 01 10, and therefore, the c (hkl) vs F ( hkl) plot is not amenable to a simple interpretation as in PD-G . However, the high pressure x-ray diffraction data on sodium chloride have 
Recently, the energy dispersive data from gold in a gold-zirconium mixture" were successfully analyzed using a modified form of Eq . (30) and t-values estimated assuming a=-i.
The expression for an isotropic case can be obtained by letting S=0 in Eq . (20) , and noting that (S11 -S,2) =(1+v)/E. It is seen that
(1-3 sin 9) .
Noting that t is negative, this equation is the same as Eq . (4) derived using IET by Ruoff et a l. 24 for PL-G .
It is seen from Eqs . (17b) and (29) that the strain produced by the deviatoric stress component vanishes if sin 0= l/v/ 3 -, and the measured lattice strain precisely equals es ,. However, because of the various constraints, such high angles are difficult in practice to achieve .
. Kinsland-Bassett geometry
In experiments with the diamond anvil cell in PD-G (Fig . 2) , it is observed 19,20 that the x-ray diffraction ring recorded on a flat film placed normal to the incident x-ray beam, it not a circle if the specimen experiences nonhydrostatic pressure. Let the strains calculated from the diffraction ring diameters AB and CD [ Fig. 2(a) ] be denoted by el and Eg, respectively . As shown in 
The corresponding equation in IET (S=0) reduces to
where B is the bulk modulus. From the measured (el -e a), t can be obtained using Eq . Kinsland and Bassett19 determined the strain ellipsoid from the measured ee and el , and calculated ell , the principal strain along the load direction . It may be noted that Eli can never be measured in diffraction experiments . Since (35) the calculation of e ll uses the expression which is valid for macroscopic strains, the expression (E l -El ) using AET will not be discussed . However, if IET is used, then the relevant equation can be obtained by letting 0=0 and C O =EI 1 in Eq . (35) . It is not possible to compare either Eq . (33) or (35) with the expressions used by Kinsland and Bassett20 because the details of the tensor transformation used by them are not given in their paper .
It can be easily shown that the ratio of the strain given by Eq . (33) to the strain given by Eq . (34) equals R . Thus, the error introduced by assuming complete isotropy when the crystallites are actually anisotropic can be estimated from Fig . 5 .
V . CONCLUSIONS
(1) The expression for the lattice strain for any geometry used in high pressure x-ray diffraction work can be obtained from the general equation derived in this article, by substituting the appropriate value of 0 (being the angle between the direction of load and the diffracting-plane normal) .
(2) The limited data suggest that the average of the strains calculated under the Reuss and Voigt limits represent the true lattice strain arising from the deviatoric stress component . The determination of a using high pressure diffraction data will be of great interest .
(3) The lattice strain corresponds to the stain measured by the x-ray diffraction method . The strain calculated using isotropic elasticity theory gives the macroscopic strain which, in general, differs from the lattice strain . The ratio, R, of the two strains (in the direction of the lattice strain) produced by the deviatoric stress component depends on the elastic anisotropy factor of the crystallites constituting the polycrystalline specimen and the Miller indices (hkl) . The two strains are identical only if the crystallites are elastically isotropic .
APPENDIX
The specimen compressed between the anvils undergoes plastic deformation before the static stress field (Sec . II B) is set up. The specimen invariably develops preferred orientation (texture) as a result of the plastic deformation . In such a case, the average values of the geometric functions used in the derivation of Eq . (11) and similar expressions for cos qz, sin 2 qq, and cost T. Here, n (q)) denotes the number of q' group of crystallites in the range q' and qz+dp in the specimen region illuminated by the incident x-ray beam . The term n (T) can be obtained from the crystallite orientation distribution function 45 measured sured on the specimen recovered after the high pressure experiment .
It is possible to produce truly hydrostatic pressure by the use of metal gasket and fluid pressure transmitting medium (for a review of the diamond anvil cell techniques see Ref .
2) . The solid specimen is often compressed between the anvils directly either for reaching pressures (see Refs. 3 and 4) near the upper pressure limit or in the experiments
